Rapid Arctic sea ice decline over the last few decades opens new perspectives for Arctic marine navigation. Further warming in the Arctic will promote the Northern Sea Route (NSR) as an alternative to the conventional Suez or Panama Canal routes for intercontinental shipping. Here we use both satellite data and CMIP5 ensemble of climate models to estimate the NSR transit window allowing intercontinental navigation between Atlantic and Pacific regions. To this end, we introduce a novel approach to calculate start and end dates of the navigation season along the NSR. We show that modern climate models are able to reproduce the mean time of the NSR transit window and its trend over the last few decades. The selected models demonstrate that the rate of increase of the NSR navigation season will slow down over the next few decades with the RCP4.5 scenario. By the end of the 21st century ensemble-mean estimates show an increase of the NSR transit window by about 4 and 6.5 months according to RCP4.5 and 8.5, respectively. Estimated trends for the end date of the navigation season are found to be stronger compared to those for the start date.
Introduction
Rapid Arctic sea ice retreat during the last few decades has had major impacts on Arctic marine transport systems and shelf exploration. Climate models project further decrease of sea ice cover in the 21st century accompanied by changes in variability and amplitude of seasonal cycle (e.g. Stroeve et al 2012 , Semenov et al 2015 . The prolonged open water conditions in the marginal Arctic seas open new prospects for navigation along the Northern Sea Route (NSR) (e.g. Mokhov et al 2007 , Khon et al 2010 , Rogers et al 2013 , Stephenson et al 2013 , Larsen et al 2014 , Barnhart et al 2015 , Shalina 2015 , Aksenov et al 2016 , Laliberté et al 2016 . The NSR shortens the transport distance from northern Europe to northeast Asia and northwest North America by up to 50% relative to the southern routes through Suez or Panama Canal. Therefore, ongoing Arctic sea ice decline promotes the NSR as a potential alternative for intercontinental navigation between Atlantic and Pacific regions in forthcoming decades. One of the first estimates of projected perspectives for the NSR (e.g. Khon et al 2010) was based on simulations from the Coupled Model Intercomparison Project Phase 3 (Meehl et al 2007) .
Along with new perspectives, sea ice retreat in the Arctic can however cause new problems. Although, the Arctic marine navigation and other offshore and shelf activities become possible, risks due to waves and associated storm surges and coastal erosion are likely to increase (Overeem et al 2011 , Dobrynin et al 2012 , Khon et al 2013 . Simulations of wind-wave activity in the Arctic (Khon et al 2014) with the wave model in combination with a regional climate model demonstrate overall growth in wave height in the Arctic in the 21st century. Model results also predict more frequent occurrence of extreme winds and waves in different areas of the Arctic Ocean, in particular along the NSR. This is due to both regional wind intensification and longer wave fetches caused by ice retreat. Original content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence.
Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
In this paper we focus on the transit time window of the NSR allowing intercontinental marine navigation between Atlantic and Pacific regions. For this purpose we introduce a novel approach to calculate the first (start) and the last (end) dates of the NSR transit navigation and the duration of transit navigation. The estimates are based on projections from the Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al 2012) .
Most recently, Melia et al (2016) estimated navigation season length along the NSR with a variety of possible trans-Arctic routes including trans-polar directions. We note that due to severe Arctic climate and higher safety standards required, near coast routes will be the only realistic solutions for the coming decades. Therefore we focus on the recommended optimal routes for transit navigation along the Russian Arctic coast (Mulherin et al 1999) . Furthermore, due to the large CMIP5 model spread in simulating Arctic sea ice concentration particularly on the regional scale (Semenov et al 2015) , we select analysis for only those models that are able to realistically simulate present day length of the NSR navigation season and its variability. In contrast to other studies based on the CMIP5 multimodel means our estimates are based on the most realistic models that were selected using objective criteria.
Data and methods
Simulations with global climate models participating within the CMIP5 were used to estimate possible changes in the NSR transit navigation season for the 21st century. The simulations are driven by combined historical-Representative Concentration Pathway 4.5 (RCP4.5) and 8.5 (RCP8.5) scenarios (Van Vuuren et al 2011) . We analyze data of 25 models that provide daily sea ice concentration (SIC) as output variable.
The daily SIC data (Peng et al 2013) are derived from the Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR) and the Defense Meteorological Satellite Program (DMSP) passive microwave radiometers: Special Sensor Microwave Imager (SSM/I) and Special Sensor Microwave Imager/Sounder (SSMIS) using the NASA team algorithm.
For a particular day, any grid cell with SIC less then 15% is considered as ice-free (or open water). This criterion is broadly used as a threshold for the possible navigation of light ice-class ships. Different criteria, such as 25% and 50% sea-ice concentration requiring ice-strengthened vessels for safe navigation are also studied (e.g. Mokhov et al 2016) .
Although the choice of optimal route is dependent on current meteorological conditions, several optimal NSR lines can be established based on long-term environmental observations. One of the recommended optimal routes (Mulherin et al 1999) for the transit navigation was digitalized onto the 1 Â 0.5 longitudelatitude grid (figure 1(a)). The 1 Â 0.5 grid maintains the width and length of cells along the NSR approximately equal (∽55 Â 55 km at 60 N). Both satellite and model sea ice concentrations were interpolated onto the same 1 Â 0.5 longitude-latitude grid.
Results
In the present paper we develop a new method to calculate characteristics (such as start, end dates and duration) of transit navigation between Atlantic and Environ. Res. Lett. 12 (2017) 024010 Pacific regions along the NSR. We assign a particular day as a potentially navigable one for the transit navigation when the daily length of ice-free passage exceeds a threshold of 80% of the total NSR extent. The choice of the threshold is based on the assumption that navigation through the 80% ice-free passage can be easily realized with a minor icebreaker support. A stronger criterion with the ice-free passage exceeding 90% of the NSR is also used in this study. Our approach requires nearly open passage for a particular day and, therefore, can be applied for uninterrupted voyages through the whole NSR. All calculations were made for one of the optimal transit routes (Mulherin et al 1999) shown in figure 1(a) .
The Hovmueller diagrams (figures 1(b)-(d)) demonstrate intra-annual evolution of open water season along the NSR as a function of longitude, where regional start and end dates of open water season can be observed. Observations indicate that the transit 'end-to-end' navigation throughout the whole NSR has become possible only over the last two decades (figures 1(c) and (d)). In contrast, over the period 1980-1989 the transit navigation was not possible without ice-breaker support ( figure 1(b) ). Also, the duration of the transit navigation has been growing within the last two decades (figures 1(c) and (d)). To quantify the duration of the NSR transit navigation we calculated the first and last days when the daily length of ice-free passage exceeds a threshold of 80% and 90% of the total NSR extent (shown by black and green horizontal lines in figures 1(c) and (d), respectively). The 90% threshold for ice-free passage shortens marine navigation along the NSR by ∽10 days according to sattelite data and by ∽20 days according to multi-model estimate (table 1) for the period 2005-2014. Figure 2 represents a validation of the CMIP5 models' results against satellite data in terms of their ability to reproduce means (T 80% ) and trends (T 0 80% ) of the NSR transit time window for the present-day climate. The error bars in figure 2 represent corresponding standard deviations for observations and model simulations. The method of models' evaluation is similar to that performed in Khon et al (2010) except for the error bars that were also added to model simulations results for a better comparison. The CMIP5 model ensemble demonstrates a broad spread of model estimates with a tendency to underestimate (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) for the NSR transit window as observed and simulated by five selected models under combined historical-RCP4.5 scenario. T 80% (T 90% ) is computed as the number of days per year with a length of ice-free passage exceeding 80% (90%) of the NSR extent from Kara to Bering Straits. Standard deviations are given in brackets. Environ. Res. Lett. 12 (2017) 024010 satellite data in the majority of models. We assume that a particular model is able to reproduce the present-day NSR transit duration if its error bars intersect observational intervals of variability. Five models (CNRM-CM5, HadGEM2-CC, MIROC-ESM-CHEM, MPI-ESM-LR, MPI-ESM-MR) were found to be sufficient for reproducing both mean values and trends of the observed NSR transit navigation and, therefore, were selected for the further analysis. According to satellite observations mean T 80% (T 90% ) amounts to about 73 (62) (table 1) . However, a spread of year-to-year variability is much larger for model simulations compared to satellite data ( figure 2; table 1) .
Data Satellite CNRM-CM5 HadGEM2-CC MIROC-ESM-CHEM MPI-ESM-LR MPI-ESM-MR Model mean
Individual time-series of the NSR transit duration for the selected models are shown in figures 3(a)-(e) together with the satellite data. As can be seen in figures 3(a)-(e) the selected models show a relatively realistic representation of the NSR transit navigation time over the last decades as also shown in figure 2. The models' long-term tendency of increasing T 80% is accompanied with stronger interannual and multidecadal variability in the 21st century. figure 3(f) ). Two models (MPI-ESM-LR, MPI-ESM-MR) demonstrate slow or moderate growth (being less or just slightly exceeding 1 s) and three other models project stronger growth (more than 2-3 s) by the end of the 21st century ( figure 3(f) ). The quantitative estimates for the projected T 80% (T 90% ) are given in table 2 (table S1 available at stacks.iop.org/ERL/12/024010/mmedia) for different decades in the 21st century. For the next few decades three models (CNRM-CM5, MPI-ESM-LR, MPI-ESM-MR) demonstrate a slow down in the growth rate of the NSR navigation season length (figure 3(f)) and even its decrease in the next decade (CNRM-CM5, MPI-ESM-LR; table 2, table S1 ). In general, multi-model mean estimates show an increase of mean T 80% (T 90% ) to ∽ 4 (3.5) months at the end of 21st century according to RCP4.5 and to ∽6.5 (6) months according to RCP8.5 (table 2, table S1 ).
Figure 4 presents projected time-series for the start and end dates of the NSR transit navigation as observed and simulated by ensemble-mean amongst selected models using scenarios RCP 4.5 (a) and 8.5 (b). As can be seen from figure 4, the observed start and end dates are sufficiently well reproduced by selected models with observational estimates varying within the interval of a model standard deviation. According to the RCP4.5 scenario, anticipated increase in T 80% is a result of comparable contributions from the later end and earlier start by the end of the 21st century. The simulated navigation start (end) date for the NSR is estimated to occur in the mid-July (midNovember) according to RCP4.5 and in the mid-June (end of December) according to RCP8.5 by the end of 21st century ( figure 4, table S2 ).
The NSR transit is strongly affected by the accessibility of the region around Severnaya Zemlya (90°E-120°E) where the number of ice-free days has a well pronounced local minimum (figure 1). More severe ice conditions and, therefore, shorter local navigation time within this sector strongly restricts the transit time through the entire NSR in present climate Table 2 . Projected mean T 80% of the NSR transit window calculated for five selected models and three different decades using two greenhouse gas concentration scenarios RCP4.5 and 8.5. T 80% is computed as the number of days per year with a length of ice-free passage exceeding 80% of the NSR extent from Kara to Bering Straits. Standard deviations are given in brackets. Environ. Res. Lett. 12 (2017) 024010 conditions (figure S1) as shown by observations and models (CNRM-CM5, HadGEM2-CC, MIROC-ESM-CHEM). By the end of the 21st century, however, the difference between the local (90°E-120°E) and the entire NSR navigation T 80% decreases implying an insignificant role of local minima on the entire NSR navigation according to model results in the future ( figure S1 ).
Summary and conclusions
We note that along with the model and scenario related uncertainties the estimates of future prediction are impacted by internal variability that may result, in particular, in prediction uncertainty of about two decades for the timing of the summer ice-free Arctic (Jahn et al 2016) . Arctic climate changes are characterized by a strong multi-decadal variability that may also widen the uncertainty range (Polyakov et al 2003 , Polyakov et al 2013 . Furthermore, the result can be very sensitive to a method of weighting of models' results as was shown by applying a Bayesian approach to the Arctic sea ice area projections (Eliseev and Semenov 2016 ).
In conclusion, we present new estimates for the NSR transit window allowing intercontinental navigation in the 21st century based on satellite data and CMIP5 ensemble of climate models. A novel approach is introduced to calculate start, end dates and duration of navigation season along the NSR. The novelty of the approach used in this study consists of a new way of calculation of the accessibility of the NSR based on daily data. We consider the NSR as a potentially navigable one (with a minor icebreaker support) when the daily ice-free passage exceeds a particular threshold. In contrast to a previous method (Khon et al 2010) we calculate accessibility along the whole route for each day (using a given threshold, e.g. 80%). This method is more accurate and provides us with the first and last days of the navigation season.
We selected only those climate models that are able to reproduce both mean values and trends of the observed NSR transit navigation over the last few decades. According to the selected models, the observed growth rate of the NSR navigation will slow down over the next few decades with RCP4.5 scenario. By the end of this century the NSR transit navigation period T 80% (T 90% ) is estimated to be about 4 (3.5) and 6.5 (6) months according to RCP4.5 and 8.5, respectively, based on the ensemble-mean estimates. We note that projected trends for the end date of the navigation season are found to be stronger compared to the trends for the start date.
